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Although it has been well documented that redox can modulate Cav1.2 channel activity, the underlying
mechanisms are not fully understood. In our study, we examined the effects of redox on Cav1.2 channel
activity and on CaM interaction with the Cav1.2 a1 subunit. Dithiothreitol (DTT, 1 mM) in the cell-
attached mode decreased, while hydrogen peroxide (H2O2, 1 mM) increased channel activity to 72 and
303%, respectively. The effects of redox were maintained in the inside-out mode where channel activity
was induced by CaM þ ATP: DTT (1 mM) decreased, while H2O2 (1 mM) increased the channel activity.
These results were mimicked by the thioredoxin and oxidized glutathione system. To test whether the
redox state might determine channel activity by affecting the CaM interaction with the channel, we
examined the effects of DTT and H2O2 on CaM binding to the N- and C-terminal fragments of the channel.
We found that DTT concentration-dependently inhibited CaM binding to the C-terminus (IC50 37 mM), but
H2O2 had no effect. Neither DTT nor H2O2 had an effect on CaM interaction with the N-terminus. These
results suggest that redox-mediated regulation of the Cav1.2 channel is governed, at least partially, by
modulation of the CaM interaction with the channel.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Accumulating evidence highlights an imbalance of the redox
state in diseased cells, and the relationship between the redox state
of the cells and diseases has become of increasing interest (1e4). A
high level of reactive oxygen species (ROS), which is the major
product of oxidative stress, can exert toxic effects on cells by
modifying proteins, lipids, and genes (5, 6), thus affecting many
downstream signaling molecules such as ion channels, transcrip-
tion factors, protein kinases and protein phosphatases which may
inﬂuence cell functions (7). Imbalance of the redox state plays anutical Toxicology, School of
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d/4.0/).important role in pathological processes of the cardiovascular
system such as hypertension, heart failure, atherosclerosis, diabetes
and hypertrophy (1, 8, 9). One of the mechanisms underlying
myocardial ischemia-reperfusion injury is ROS-induced Ca2þ
overload (10). In cardiac myocytes, the generation of ROS by
oxidation can interact with the ryanodine receptor in the sarco-
plasmic reticulum to trigger a burst of calcium sparks, and then
muscle contraction (11). In addition to the pathophysiological
aspect of the cellular redox state, redox regulations of ion channels
and transporters as second messenger systems under physiological
conditions are widely recognized (1,12e15). Thus, it is important to
understand the role of redox regulation with regards to cardiac
excitability under both physiological and pathological conditions.
The Cav1.2 class voltage-dependent Ca2þ channel is the major
pathway for Ca2þ to enter into cardiac myocytes, and plays an
important role in the formation of action potential duration,
excitation-contraction coupling, and gene expression (16, 17).
Recent studies showed that the Cav1.2 channels can be regulated by
redox directly or indirectly (13,17e21). Oxidation has been sug-
gested to facilitate the Cav1.2 channels by activating CaM-nese Pharmacological Society. This is an open access article under the CC BY-NC-ND
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hand, has been reported to inhibit the Cav1.2 channel (19). How-
ever, it is not clear that redox-mediated modulation of the Cav1.2
channel actually takes place in the biological conditions and what
kind of molecular mechanism underlies the redox-mediated
modulation of the channel.
Calmodulin (CaM), a ubiquitous Ca2þ binding protein, plays an
important role in regulating the Cav1.2 channel by interacting with
it directly (22e25). Oxidation has been reported to regulate the
skeletal muscle Ca2þ release channels by alteration of CaM binding
(26). It was of interest to determine whether the redox state of the
Cav1.2 channels might affect the interaction of CaM with the
channel thereby modifying channel activity. In order to test this
hypothesis, we ﬁrst examined redox-mediated modulation of the
Cav1.2 channels were also seen in the inside-out patch mode. We
then examined the effects of physiological redox agents, gluta-
thione and thioredoxin, on the channel. We ﬁnally examined the
effects of the reducing agent dithiothreitol (DTT) and the oxidizing
agent hydrogen peroxide (H2O2) on the CaM binding to the chan-
nels with the pull-down assay. It has been found that DTT and H2O2
exert opposite effects on Cav1.2 channel activity and that DTT in-
hibits CaM interaction with the C-terminus of the Cav1.2 a subunit.
2. Materials and methods
2.1. Preparation of single cardiac myocytes
Adult guinea-pig ventricular myocytes were isolated by using
collagenase and protease dissociation as described previously
(21,27e30). The experiments were carried out with permission
from the Committee of Animal Experimentation, Kagoshima Uni-
versity, Japan. First, the female guinea-pigs (weight 300e500 g)
were anesthetized with pentobarbital sodium (30 mg/kg i.p), and
the aorta was cannulated in situ in the presence of artiﬁcial respi-
ration. The heart was isolated and mounted on the Langendorff
apparatus, perfused at 37 C with Tyrode solution and Ca2þ-free
Tyrode solution for 3 min and 5 min, respectively, followed by a
collagenase solution (0.08 mg/ml; Yakult) for another 8e15 min.
Finally, the heart waswashedwith a high Kþ/low Ca2þ solution. The
dissected cells from the left ventricle were ﬁltered through a
stainless steel mesh (105 mm). The cells were incubated with
0.05 mg/ml protease (Type XIV, SigmaeAldrich) and 0.02 mg/ml
DNase I (Type IV, SigmaeAldrich, USA) for 3e5 min at 37 C then
were washed twice by centrifugation at 800 rpm (ca. 80 g) for
3 min. Finally, the cells were stored in storage solution at 4 C until
use.
2.2. Solutions
The Tyrode solutionwas composed of 135mMNaCl, 5.4 mMKCl,
0.33 mM NaH2PO4, 1.0 mM MgCl2, 5.5 mM glucose, 1.8 mM CaCl2,
10 mM HEPES-NaOH buffer, and the pH was adjusted to 7.4. The
storage solution contained 70 mM KOH, 50 mM glutamic acid,
40 mM KCl, 20 mM KH2PO4, 20 mM taurine, 3 mM MgCl2, 10 mM
glucose, 10 mM HEPES and 0.5 mM EGTA, and the pH was adjusted
to 7.4 with KOH. The pipette solution included 50mMBaCl2, 70mM
tetraethylammonium chloride, 0.5 mM EGTA, 0.03 mM Bay K8644
and 10 mM HEPES-CsOH buffer (pH7.4). The basic internal solution
was composed of 120 mM potassium aspartate, 30 mM KCl, 1 mM
EGTA, 0.5 mM MgCl2, 0.5 mM CaCl2 and 10 mM HEPES-KOH buffer
(pH 7.4; free Ca2þ 80 nM, pCa 7.1). In the inside-out patchmode, the
CaM andMgATPwere dissolved in a basic internal solution. The Tris
buffer contained 50 mM Tris and 150 mM NaCl adjusted to pH 8.0.
The STE buffer consisted of 50 mM Tris, 150 mM NaCl, 1 mM EGTA
adjusted to pH 7.5. The PBS buffer contained 137 mM NaCl, 2.7 mMKCl, 10 mM Na2HPO4, 2 mM KH2PO4 adjusted to pH 7.4 with HCl.
The SDS-PAGE running buffer contained 25 mM Tris, 3.47 mM SDS,
190 mM glycine adjusted to pH 8.4 with HCl.
2.3. Materials
DTT was purchased from Wako Chemicals (Osaka, Japan), H2O2
was from SigmaeAldrich, reduced form of glutathione (GSH) from
Cayman Chemical (Ann Arbor, Michigan, USA), oxidized form of
GSH (GSSG) from SERVA Electrophoresis (Heidelberg, Germany),
and thioredoxin (Trx), Trx reductase (TrxR) and NADPH from Ori-
ental Yeast (Tokyo, Japan). To perform biological reduction of di-
sulﬁde bridge of cysteine residues in proteins, a mixture of 100 mM
Trx, 20 nM TrxR and 0.3 mM NADPH dissolved in the basic internal
solution was applied (31). A biological oxidation was mimicked
with 3 mM GSSG and 0.3 mM GSH (32).
2.4. Preparation of CaM and GST-fusion peptides of Cav1.2 channel
fragments
The cDNA of human CaM and cDNA corresponding to the N-
terminal (a.a. 6e140, NT) and C-terminal tail (a.a. 1509e1789, CT1)
of guinea-pig Cav1.2 were inserted into the pGEX6p-3 vector (GE
Healthcare Bioscience, Uppsala, Sweden). The vectors were trans-
formed into Escherichia coli BL21 (Stratagene, La Jolla, CA, USA) and
expressed as glutathione-S-transferase (GST) fusion proteins and
puriﬁed with glutathione-Sepharose 4B (GE Healthcare). The GST-
CT1 fusion proteins were puriﬁed with the rapid GST inclusion
body solubilization and renaturation kit (Cell Biolabs, INC). After
puriﬁcation, the GST region of CaM was cleaved with PreScission
Protease (GE Healthcare). The puriﬁed CaM, GST-NT and GST-CT1
were conﬁrmed by SDS-PAGE and quantiﬁed by the Bradford
method (Thermo Fisher Scientiﬁc, Rockford, IL, USA) using bovine
serum albumin as the standard.
2.5. Patch clamp and data analysis
Cell-attached and inside-out mode were used to record the
barium current through the Cav1.2 channels by the patch-clamp
technique. In the cell-attached mode, the cells were perfused
with the basic internal solution at 31e35 C by a patch pipette
(2e4 MU) containing 50 mM Ba2þ and 3 mM Bay K8644 (Wako,
Osaka, Japan) which is a Ca2þ channel agonist. The patch-clamp
ampliﬁer (EPC-7; List, Darmstadt, Germany) was used to record
current and feed the output to a computer at a sampling rate of
3.3 kHz. The mean current (I) was measured and divided by unitary
current amplitude (i) to yield NPo based on the equation
I ¼ N  Po  i, where the N is the number of channels in the patch
and Po is the time-averaged open-state probability of the channels.
Data were presented as the mean ± S.E. Student's t-test or Dun-
nett's test was used to evaluate the statistical signiﬁcance where
values with P < 0.05 were considered signiﬁcant.
2.6. GST pull-down assay and data analysis
Fusion peptides GST-NT (10 mg) and GST-CT1 (10 mg) immobi-
lized on glutathione Sepharose 4B were pretreated with H2O2
(SigmaeAldrich, St. Louis, MO, USA) and DTT (GE Healthcare) at
4 C with agitation overnight and then washed with Tris buffer.
Each peptide was incubated with 5 mM CaM in 400 ml Tris buffer
containing a protease inhibitor cocktail (Roche, Mannheim, Ger-
many) in the presence of 2 mM Ca2þ for 3 h at 4 C with agitation.
Then the reaction mixtures were gently washed twice with the
same buffer containing 0.05% Tween-20, a nonionic detergent, as
previously described (2). Bound CaM and GST-NT/GST-CT1 peptides
Fig. 1. Effects of DTT and H2O2 on cardiac Cav1.2 channel activity in the cell-
attached mode. A: Time course of channel activity (NPo) recorded before and after
application of 1 mM DTT in the cell-attached (c.a.) mode. B: Examples of current traces
of the channel before (a) and after (b) application of DTT taken at the times indicated in
A. C: Time course of channel activity (NPo) recorded before and after application of
1 mM H2O2. D: Examples of current traces of the Cav1.2 channel before (a) and after (b)
application of H2O2 taken at the times indicated in C. E: Effects of DTT (n ¼ 35) and
H2O2 (n ¼ 23) on the Cav1.2 channels. The Cav1.2 channel activity (labeled “post-” for
post-application, shown in black) were normalized by the channel activity taken in the
cell-attached mode (labeled “pre-” for pre-application, shown in gray), and shown as
mean ± SE. **P < 0.01 with Student's paired t-test.
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ature for 20 min, then 80 C for 5 min before application on a 15%
SDS gel. Proteins were visualized by Coomassie brilliant blue R
(CBB) staining. Proteins amounts were quantiﬁed using Image J
software (National Institutes of Health, Bethesda, MD, USA).
Curve ﬁtting of GST-CT1 bound with CaM pretreated with
different concentrations of DTT was conducted using the software
SigmaPlot 10.0. Data are presented as themean ± S.E. Dunnett's test
was used to evaluate the statistical signiﬁcance, values P < 0.05
were considered signiﬁcant.
3. Results
3.1. Redox modulates cardiac Cav1.2 channel activity in the cell-
attached mode
We ﬁrst examined the effect of redox on the regulation of Cav1.2
channel activity in the cell-attachedmode in guinea-pig ventricular
myocytes. After recording the single channel current for 2 min
(Fig. 1AeD, and labeled as “pre-” in Fig. 1E), 1 mM DTT or
1 mM H2O2 were added to the perfusion solution. As shown in
Fig. 1A and B, DTT decreased the channel activity signiﬁcantly. On
the other hand, as shown in Fig. 1C and D, H2O2 increased the
channel activity. These effects are summarized in Fig. 1E. The Ca2þ
channel activity was decreased by DTT to 72 ± 6% (n¼ 35, P < 0.01),
and increased by H2O2 to 303 ± 39% (n ¼ 23, P < 0.01) of that
recorded in their “pre-” conditions in the cell-attached mode,
respectively. The amplitude of the unitary current was not affected
by these agents with 1.10 ± 0.03 pA for pretreatment, 1.03 ± 0.02 pA
for post-DTT, and 1.17 ± 0.05 pA for post-H2O2 (n¼ 6). These results
conﬁrmed previous observations that the redox state regulated
Cav1.2 channel activity (6, 18, 19, 33), suggested that reduction and
oxidation exerted opposite effects on Cav1.2 channel activity.
3.2. Modulatory effects of redox on the Cav1.2 channel are
maintained in the inside-out mode
Our previous studies have shown that CaM þ ATP can restore
Cav1.2 channel activity in inside-out patches (28e30). Therefore, it
was possible that the redoxmay act on the intracellular cytoplasmic
factors, such as CaM and ATP, to affect Ca2þ channel activity.
Consistent with our previous reports (27e30), in the present study
the channel activity in the inside-out mode was induced by 1 mM
CaM þ 3 mM ATP (Fig. 2A) with a normalized NPo value of
187 ± 26% (n¼ 9) of that in its cell-attached mode (Fig. 2D, taken as
control). To estimate the effects of DTT and H2O2, the channel ac-
tivities were ﬁrst recorded for 2 min followed by application of
1 mM DTT or 1 mM H2O2 for 10 min in the cell-attached mode.
Then, the patches were excised, and 1 mM CaM þ3 mM ATP were
applied. As shown in Fig. 2B, after the pretreatment with DTT, the
Cav1.2 channel activity induced by CaM þ ATP in inside-out mode
decreased to 123 ± 6% (Fig. 2D, n ¼ 6) of that in its cell-attached
condition, which was signiﬁcantly lower than that of the control
value (Fig. 2A and D, P < 0.05). While after the pretreatment with
H2O2 (Fig. 2C), the induced channel activity in the inside-out mode
increased to 303 ± 19% (Fig. 2D, n ¼ 6) of that in its cell-attached
mode, which was signiﬁcantly higher than that of the control
value (Fig. 2A and D, P < 0.05). These results indicated that the
effects of the pretreatment with DTT or H2O2 in cell-attached mode
weremaintained in the inside-out mode inwhich the application of
DTT or H2O2 was already stopped, implying that the redox-
mediated regulation of the Cav1.2 channel was not likely to be
mediated by affecting the intracellular cytoplasmic factors, such as
CaM and ATP, but might be through some kinds of interactions with
the channel.3.3. Effects of biological redox on the Cav1.2 channel
We then examined physiological redox agents, glutathione and
thioredoxin (34), on Cav1.2 channel activity in the inside-out mode.
In the inside-out mode the channel activity was induced by 1 mM
CaM þ3 mM ATP with a normalized NPo value of 179 ± 29% (n ¼ 4)
of that in its cell-attached mode at the start of the record (Fig. 3,
taken as control value). Application of 100 mM thioredoxin (Trx)
together with 20 nM Trx reductase (TrxR) and 0.3 mM NADPH
reduced the channel activity to 138 ± 8% (n ¼ 4) that in its cell-
attached mode at the start of the record (Fig. 3), which was
Fig. 2. Effects of DTT and H2O2 on Cav1.2 channel activity in the inside-out mode.
A: Time course of channel activity (NPo) recorded in the cell-attached (c.a.) followed by
the inside-out mode (i.o.) at the time point as indicated by i.o. and an arrow in the
presence of CaM (1 mM) and MgATP (3 mM). B: Time course of channel activity (NPo)
for the effect of application of 1 mM DTT (as indicated by a bar). The patch was excised
to form the inside-out mode as indicated by i.o. and an arrow, and CaM/ATP was
applied. C: Time course of channel activity (NPo) for the effect of 1 mM H2O2. The patch
was excised as in B. D: Summary of the effects of Control (n ¼ 9), DTT (n ¼ 6) and H2O2
(n ¼ 6) in the inside-out mode. The channel activity (%) was the normalized NPo (the
NPo value in the inside-out mode divided by that in the cell-attached mode of each
patch). Data were shown as mean ± SE. *P < 0.05 vs. Control with Dunnett's test.
Fig. 3. Effects of oxidized glutathione and thioredoxin system on Cav1.2 channel
activity in the inside-out mode. A: Time course of channel activity (NPo) recorded in
the cell-attached (c.a.) followed by the inside-out mode (i.o.) as indicated by i.o. and an
arrow in the presence of CaM/ATP. Application of Trx (100 mM), TrxR (20 nM) and
NADPH (0.3 mM) reduced while that of GSSG (3 mM) and GSH (0.3 mM) increased
channel activity. B: Summary of the effects of Trx/TrxR/NADPH (n ¼ 4) and GSSG/GSH
(n ¼ 4) in the inside-out mode. The channel activity (%) was the normalized NPo (the
NPo value in the inside-out mode divided by that in the cell-attached mode of each
patch). Data were shown as mean ± SE. *P < 0.05 vs. control (CaM þ ATP) with Stu-
dent's paired t-test.
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3 mM oxidized glutathione (GSSG) together with 0.3 mM reduced
glutathione (GSH) increased the channel activity to 263 ± 49%
(n ¼ 4, Fig. 3) of that in its cell-attached mode at the start of the
record, which was signiﬁcantly higher than the control value. The
inhibitory effect of Trx was reversed by GSSG (Fig. 3), and vice versa
(ﬁgure not shown), indicating that the effects of redox on Cav1.2
channel activity was reversible.3.4. Redox modulates CaM binding to the Cav1.2 channel
To test the hypothesis that the redox state would modulate the
CaM interaction with the Cav1.2 channel, a pull-down assay was
introduced to examine CaM binding to the channel. Since both theN and C termini of the Cav1.2 a1 subunit contained CaM binding
sites which are reportedly involved in the regulation of channel
activity, we examined the effects of DTT and H2O2 on CaM binding
to fragment peptides derived from the N and C termini. The GST-
fusion peptide of the N-terminal fragment (Ala6-Lys140, named as
NT) and C-terminal fragments (AA1509e1789, containing EF hand,
preIQ and IQ, named as CT1) were pretreated with 1 mM DTT or
1 mM H2O2, and then incubated with 5 mM CaM for the pull-down
assay. As shown in Fig. 4A and B, neither DTT nor H2O2 modulated
the CaM binding to GST-NT. The density of bound CaM was
0.27 ± 0.01 (n ¼ 5) and 0.26 ± 0.01 a.u. (n ¼ 5) for DTT and H2O2,
respectively, both not signiﬁcantly different compared to the con-
trol (0.25 ± 0.01, n¼ 5). Next, we examined the redox effects on the
CaM binding to the C terminus. As shown in Fig. 4C and D, DTT
signiﬁcantly decreased the CaM binding to GST-CT1 (Fig. 4D, DTT
bar, 0.40 ± 0.02 a.u., n ¼ 5) as compared with the control (Fig. 4D,
Control bar, 0.57 ± 0.03, p < 0.01). However, H2O2 had no effect on
CaM binding (Fig. 4D, H2O2 bar, 0.54 ± 0.03 a.u., n ¼ 5, P ¼ 0.65 vs
Control). Considering the possibility that GST-CT1 protein might
have been already oxidized during the process of protein puriﬁca-
tion, we pretreated GST-CT1 with 1 mM DTT overnight, and then,
after washing out the DTT, treated with 1 mM H2O2 for 3 h. How-
ever, CaM binding with GST-CT1 was at the similar level of that
treated with DTT (Fig. 4D, DTT/H2O2 bar, 0.40 ± 0.05 a.u., n ¼ 5,
P ¼ 0.95 vs. with DTT, P < 0.05 vs Control), showing that H2O2 had
no effect on the CaM binding with Cav1.2 channel peptide GST-CT1.
Since DTT inhibited the CaM binding to CT1, we next examined
its concentration dependence. The GST-CT1 was treated with 10e7
to 10e2 M DTT, and then the CaM binding to GST-CT1 was exam-
ined. As shown in Fig. 5, DTT concentration-dependently inhibited
the CaM binding to CT1 from 0.54 ± 0.03 (n ¼ 10, for control) to
0.30 ± 0.03 a.u. (n¼ 10) at 10 mMDTT, resulting in 44.4% reduction,
with an IC50 of 37 mM.
Fig. 4. Effects of DTT and H2O2 on CaM interaction with the N- and C-terminus of
the Cav1.2 a1 subunit. A: Pull-down assay for the effect of DTT and H2O2 on the
binding between N-terminal peptide (GST-NT) and CaM. Proteins were visualized by
Coomassie Brilliant Blue R (CBB) staining. See methods for details. B: Summary of the
effects of DTT and H2O2 on the CaM-binding to NT. Data (n ¼ 10) are shown as
mean ± SE. Both the DTT and H2O2 group were statistically non-signiﬁcant vs. control.
C: Pull-down assay for the effect of DTT and H2O2 on the binding between C-terminal
peptide (GST-CT1) and CaM. DTT/H2O2 represented a group treated with DTT followed
by H2O2 treatment. D: Summary of the effects of DTT, H2O2 and DTT/H2O2 on the CaM-
binding to CT1. Data (n ¼ 5) are shown as mean ± SE. **P < 0.01, *P < 0.05, and non-
signiﬁcant (NS) with Dunnett's t-test.
Fig. 5. Concentration-dependent effect of DTT on CaM binding to the C-terminus of
the Cav1.2 a1 subunit. A: Pull-down assay for the effect of DTT (10e7e10e2 M) on the
CaM binding to GST-CT1. Proteins were visualized by CBB staining. See methods for
details. B: Concentration-dependence of the effect of DTT on CaM binding to CT1. Data
(n ¼ 10 for each point) are shown as mean ± SE. Fitted curve was drawn according to
Hill's equationwith IC50 ¼ 37 mM and Hill's coefﬁcient of 1. ***P < 0.001 vs. control with
Dunnett's test.
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In the present study, we have conﬁrmed that the redox state
determines Cav1.2 channel activity in the cell-attached mode and
found that it also determines Cav1.2 channel activity in the inside-
out mode. Furthermore, we have found that DTT concentration-
dependently inhibits CaM binding to the C-terminus but not to
the N-terminus of the Cav1.2 a1 subunit. On the other hand, H2O2
did not inﬂuence CaM binding to both the proximal C-terminal
(CT1) and N-terminal region (NT). These results suggested that
redox mediated regulation of the Cav1.2 channel is partially
through modulating the CaM interaction with the channel.
DTT is a membrane permeable reducing agent which breaks
disulﬁde bridges into sulfhydryl groups in cysteine-containing
proteins, and has been reported to modulate ion channels
including the Ca2þ channel, Naþ channel, and KATP channel in car-
diac, vascular, and skeletal muscle among others (17,19, 33, 35e38).
Although previous studies in cardiac myocytes show that DTT can
modulate Cav1.2 channel activity, the conclusions are controversial.
Hool et al. (18, 19) suggested that DTT inhibited Cav1.2 channelactivity in guinea pig isolated ventricular myocytes. Zhang et al.
(17) in cardiomyocytes and Fearon et al. (33) in HEK 293 cells re-
ported that DTT left Cav1.2 channel activity unaffected but could
reverse the facilitating effects caused by the oxidizing agent
diamide (DM) or p-chloromercuribenzene sulphonic acid (PCMBS).
DTT was also reported to exert its protective effect against HgCl2-
induced toxicity in cardiac muscle. Although the modulation of the
Ca2þ channel induced by DTT as mentioned above was focused on
the modiﬁcation of sulfhydryl groups of cysteine residues in the
channel protein, the mechanisms by which reduction of sulfhydryl
groups leads to modiﬁcation of channel activity remained to be
clariﬁed. Our results show that bath application of 1 mM DTT
indeed inhibited Cav1.2 channel activity in the cell-attached mode,
consistent with the report by Hool's group. The effect of DTT was
also observed in the inside-out mode (as shown in Fig. 2B and D),
providing further support that DTT directly acted on the channel or
its adjacent membrane component.
Redox state of cells, particularly disulﬁde-bridge formation of
protein, is markedly inﬂuenced by the ratio of oxidized/reduced
form of glutathione (GSSG/GSH) and Trx system (34). In this study,
we have found that these biological redox agents can modulate
Cav1.2 channel activity in a reversible manner. This ﬁnding strongly
suggests that the redox state of cells regulates Cav1.2 channel ac-
tivity, i.e., increase in the oxidized state and decrease in the reduced
state.
The a1C subunit of the Cav1.2 channel contains 38 cysteine
residues, whose sulfhydryl groups (-SH) or disulﬁde bonds (eSSe)
are subject to modiﬁcation by redox agents. DTT as a cysteine-
speciﬁc reducing agent can break disulﬁde bridges into sulfhydryl
groups resulting in conformational changes of the channel protein
(17). Our previous studies reported that CaM was critical in con-
trolling the Cav1.2 channel activity in cardiac myocytes (27, 39). It
has been published that oxidation of the skeletal muscle Ca2þ
release channel altered CaM binding (26). Our results show that
DTT can also alter CaM binding to the Cav1.2 channel in cardiac
myocytes. We have further found that DTT can inhibit CaM binding
to CT1 rather than NT, which contains only one cysteine residue, in
a concentration-dependent manner with an IC50 of about 37 mM
Y. Sun et al. / Journal of Pharmacological Sciences 128 (2015) 137e143142(Figs. 3 and 4). Since CaM contains no cysteine residues, the above
mentioned results suggest that DTT suppresses Cav1.2 channel
activity via inhibition of CaM binding to CT1 presumably because of
the conformational change induced by reduction of disulﬁde
bond(s) in certain cysteine residues in or close to the CaM-binding
site of CT1. However, we could not exclude the possibility that DTT
may bind to CT1 directly and occlude the CaM binding site resulting
in the inhibition of the channel activity. The CT1 peptide contains
two major CaM-binding sites, the IQ motif and the preIQ region
(37), thus these two sites are possibly to be the potential target sites
of DTT. On the other hand, it was reported that there was only
minor effect of DTT on the steady state inactivation kinetics of Ca2þ
current (40), but it will be interesting to examinewhether the Ca2þ-
dependent inactivation in which the CaM binding to IQ and preIQ
sites is deeply involved.
Oxidative stress has been reported to play important roles in
cardiac physiology and dysfunction (1, 8,41e43). A number of
studies have reported that the Ca2þ channel, KATP channel, and Naþ
channel in cardiac myocytes are subject to oxidative stress (20,
21,44e47). However, regulation of the Cav1.2 channel by oxida-
tive stress seems to be complicated and still remains controversial.
Previous studies reported that oxidative stress inhibits Cav1.2
channel activity in guinea pig ventricular myocytes and in
expressed HEK 293 cells (17, 33, 48), but facilitating effects on
Cav1.2 channel activity by oxidizing agents were also reported (20,
21, 49). H2O2 is frequently used to induce oxidative stress, and its
effect in the cardiac myocytes has been studied extensively. Song
et al. (20) reported that H2O2-induced CaMKII oxidation was a
signaling pathway accounting for the facilitated Cav1.2 channel
activity. In addition, Yang et al. (21) also suggested that H2O2
facilitated Cav1.2 channel activity through an independent
pathway. In this study, we conﬁrmed the facilitatory effect of H2O2
on Cav1.2 channel activity both in the cell-attached and the inside-
out mode, supporting the view that H2O2 facilitates Cav1.2 channel
activity through both CaMKII-dependent and independent
pathways.
Opposite to DTT, H2O2 as an oxidizing agent can transform
sulfhydryl groups into disulﬁde bridges. Thus it was expected that
the effect of DTT was reversed by H2O2 and vice versa. However, our
result shows this is not the case. The reduction of CaM binding to
CT1 by DTT was not rescued by subsequent treatment with H2O2
(Fig. 4C, D). So we speculated that H2O2-induced facilitation of
Cav1.2 channel activity may be mediated not by disulﬁde-bridge
formation but by another mechanism, e.g., sulfonate, sulfonate
and sulfonate formation of cysteine residues or oxidation of other
residues (31, 50). However, we cannot determinewhichmechanism
is physiologically relevant for the H2O2 effect. Further studies are
needed to address this issue.
In conclusion, the patch-clamp results show that the reducing
agent DTT and Trx system and the oxidative agent H2O2 and GSSG
have opposite effects on Cav1.2 channel activity, i.e., DTT and Trx
system inhibit and H2O2 and GSSG facilitate Cav1.2 channel ac-
tivity. These effects are due to direct interactions of these agents
with the Cav1.2 channel or adjacent membrane components.
However, DTT but not H2O2 alters CaM binding to the proximal C-
terminal region of the Cav1.2 channel, suggesting that the un-
derlying mechanisms are different between the two agents. The
mechanisms of how reduced CaM binding supresses Cav1.2
channel activity and H2O2 facilitates Cav1.2 channel activity
require further research.Disclosures
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